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Abstract 
 
To realize indoor thermal environments without discomfort due to dryness in the airway, the relationship among the sensation, the 
hygrothermal state in the airway and environmental conditions should be quantitatively studied. Subject experiments revealed that 
under conditions with high temperature or low humidity, the exhaled air temperature was higher, and the sensation of dryness was 
stronger. In addition, the results of the respiration model that calculated the hygrothermal state in the airway showed agreement 
with the experimental results. Moreover, the calculated moisture evaporation rate in the airway correlated with the sensation of 
dryness, which suggested the possibility of predicting a dry sensation based on the proposed model. 
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1. Introduction 
 
Under low humidity conditions, occupants sometimes complain of dryness. According to a survey, the experience 
of discomfort due to dryness is felt most often, of all the segments of the body, in the throat [1]. To avoid this 
discomfort, proper control of the hygrothermal environment is necessary. However, quantitative information on such 
control is not sufficient. The comfort zone by ASHRAE [2] does not show the specific limit of low humidity, although 
discomfort due to dryness is suggested. A prediction of the sensation of dryness based on the environmental conditions 
could be achieved by clarifying the relationship between the hygrothermal condition of the mucous membrane in the 
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airway and the sensation of dryness. The temperature and humidity in nasal cavity were measured [3, 4], and the 
respiratory heat and moisture loss was quantitatively studied [5]. The knowledge was used in a thermal model of the 
human body [6]. For the sensation of dryness, it was reported that the declaration of a dry sensation in an office 
environment in the winter season exists and that the air temperature and humidity influence the dry sensation [1]; 
however the mechanism of occurrence of the dry sensation was not fully clarified. In this paper, the sensation of 
dryness and the exhaled air temperature as characteristics of respiration were measured for different levels of vapor 
pressure and temperature. In addition, the heat and moisture transfer in the airway was solved using an analytical 
model [1], and the output from the model was compared with the experimental results of temperature and the sensation 
of dryness obtained in subject experiments. 
 
Table 1. Protocol of the experiments (Experiment 1 and 2 were conducted on different days.) 
 
Experiment 1 Experiment 2 
Absolute Humidity 4g/kg' (650Pa in vapor pressure) 2g/kg' (300Pa) 10g/kg' (1600Pa) 20g/kg' (3200Pa) 
Temperature 18 °C 28 °C 28 °C 
Way of respiration Nose Mouth Nose Mouth Nose Mouth Nose Mouth Nose Mouth 
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Fig. 1. Scale for the declaration of the sensation of dryness. Fig. 2. Air temperature at the aperture (subject A, 18 °C, 4g/kg’). 
 
2. Subject experiment measuring the temperature and sensation of dryness during respiration 
 
2.1. Methods 
 
Two series of experiments were conducted: Experiment 1 was a case with air vapor pressure change under constant 
temperature, and Experiment 2 was the one with air temperature change with constant vapor pressure as shown in 
Table 1. The respiration was controlled to be either of the nose or mouth by closing the mouth or nose with surgical 
tape, and both ways of respiration were consecutively conducted for each environmental condition. Each way of 
respiration for one environmental condition was continued for 15 minutes. A sensation of dryness was declared within 
the 5-minute interval using the scale shown in Figure 1. The temperature at the aperture (nose or mouth) was measured 
within a 0.1-second interval. Four healthy male subjects (21 to 23 years old) were involved in the experiments. 
 
2.2. Results 
 
The air temperatures measured at the aperture of the nose and mouth are shown in Figure 2 for an environmental 
condition. The last one minute of the experimental condition was selected as the object of analysis. The temperature 
showed cyclic fluctuation along with the inhalation and exhalation. For one temperature cycle, the time from the start 
of the temperature rise to the start of the decrease will be associated with exhalation, and the remainder will be 
associated with the inhalation. The ambient air temperature will affect the minimum temperature of one cycle, and the 
air temperature in the airway will affect the top temperature. For the case of respiration through nose, the minimum 
temperature at the nose aperture was close to the air temperature, whereas it was higher for the case of the mouth, 
which might be because the expired air was not mixed with the ambient air around the mouth as fully as around the 
nose. As shown in Figure 3, the maximum temperature of 1 observed minute decreased as the ambient vapor pressure 
decreased, which might be because the lower humidity enhanced the evaporation in the airway, and thus the exhaled 
air temperature decreased. This tendency was common for all of the four subjects and for both respiration ways 
(though the nose and mouth). As shown in Figure 4, the sensation of dryness became stronger as the humidity 
at mouth a perture (resp iration throu gh mouth) 
at no se aperture ( respiration t hrough nose) 
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decreased or as the ambient temperature increased. This result was true of the nose, mouth and throat as a part of 
sensation, even though a few exceptions existed. The sensation of dryness was stronger at the throat in the case of 
respiration through the nose than in the case through the mouth, which might be because the heat and moisture 
exchange in the nose cavity worked well for the humidification of the inhaled air and suppressed the dryness at the 
throat. 
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Fig. 3. Measured temperature at the aperture of the nose or mouth. 
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Fig. 4. Sensation of dryness at the nose, mouth and throat (Upper: respiration through the nose: Lower: respiration through the mouth). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Airway model. (Upper: Schematics, Lower: Respiration rate and convective heat transfer coefficient associated with it) 
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3. Numerical analysis of the heat and moisture transfer in the airway 
 
3.1. Outline of the airway model 
 
The surface temperature of the airway wall was calculated using the airway model (Figure 5). The airway model 
consisted of the heat and moisture balance equations for air in the airway and the two-dimensional heat conduction 
equation in the wall of the airway, which considered the heat capacitance of the airway wall [1]. The wall surface in 
airway was assumed to be saturated (100 % relative humidity). The domain of analysis was bounded at a depth of 10 
mm from the airway surface, and at the boundary, the temperature was given by the steady-state-solution of the 
Stolwijk model (a human thermal model) [6] for the thermal environmental conditions. The shape of the airway was 
simplified to a column with a diameter of 18 mm from the lungs to the openings at the nose, and a constant respiration 
rhythm of 7.2 liters/min with a cycle of 6 s/breath was used [7]. The temperature of the lung was given by the trunk 
core temperature from the Stolwijk model solution. 
 
3.2. Conditions of calculation 
 
For the five thermal environmental conditions of the experiments (Table 1), the airway temperature and humidity 
distributions were calculated using the model described above. The air temperature and humidity were used as the 
inhaled air conditions and the input to the Stolwijk model to determine the boundary temperature of the airway. Based 
on a fluid dynamics analysis by Zhu et al. [7], the inhaled air was treated as a mixture of exhaled air and ambient air; 
for all the calculations in this paper, 17 % of the inhaled air was assumed to be the temperature and vapor pressure of 
exhaled air, and the left was those of ambient air. The temperatures of the airway wall at the depth of 10 mm from the 
wall boundary are shown in Table 2. These were the solution in the steady state under the thermal condition of the 
case (1 met, 0.7 clo, calm air velocity, MRT=air temperature). The calculations were performed for three cases (Table 
3) with different treatments in the nose cavity and lung. It is widely known the nose cavity has a narrow and winding 
pathway and it works as heat and moisture exchanger. In the model, the way was modeled as a column, and the 
diameter of the pathway was constant. In cases 2 and 3, the enlargement of the surface of the column was 
hypothetically considered. The hygric state of the air in the lung was given as the saturated vapor pressure associated 
with the lung temperature given by the trunk core temperature in cases 1 and 2 (humidification by the lung was 
considered). In case 3, the humidification by the lung was not considered, and the average temperature and vapor 
pressure of the air inhaled to the lung in a cycle of respiration was given for the air temperature flowing out of the 
lung (without absorption/desorption considered in the lung). 
 
Table 2. Boundary conditions of the temperature of the airway wall given as steady-state solutions of the Stolwijk model (human thermal model). 
 
 Length in 
airway [mm] 
Node in 
Stolwijk model 
Temperature at airway wall (boundary condition) [°C] 
Experiment 1 (4g/kg’) Experiment 2 (28 °C
18 °C 28 °C 2g/kg’ 10g/kg’ 20g/kg’ 
Nasal vestibule 20 Head Skin 33.1 35.3 35.3 35.3 35.3 
Nasal cavity 60 Head Fat 33.5 35.4 35.5 35.5 35.5 
Pharynx 80 Trunk Core 36.5 36.9 36.9 36.9 37.0 
Larynx 40 Trunk Core 36.5 36.9 36.9 36.9 37.0 
Trachea 100 Trunk Core 36.5 36.9 36.9 36.9 37.0 
Bronchus 20 Trunk Core 36.5 36.9 36.9 36.9 37.0 
Lung ̣ Trunk Core 36.5 36.9 36.9 36.9 37.0 
 
Table 3. Calculation cases. 
 
Enlargement of the surface area in the nose cavity Humidity in the lung 
Case 1 Not considered Given as saturated 
Case 2 Considered: In the nose cavity (x=30 to 70mm), the circumference of 
airway wall was treated as 12 times as large as that of the column. Case 3 Average vapor pressure of inhaled air of one cycle 
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3.3. Results 
 
In Figure 6, the comparisons between the experimental and calculated temperatures at the aperture of the nose are 
shown for each thermal environmental conditions for all of the four subjects (nose respiration cases were used as 
experimental results). For the maximum temperature of a cycle of respiration, case 3 agreed best with the experimental 
results, although the error was not small for several conditions, especially for the high humidity conditions. For high 
humidity conditions such as 28 °C 10g/kg’ or 20g/kg’, the agreement was not very different between cases 2 and 3. 
As shown in the right of Figure 6, the period of respiration was different between the experimental data and the setting 
of the calculation. In the calculation, a constant period was set and individual difference was not considered, whereas 
the experimental data contained fluctuations and individual differences in the period of respiration. 
 
 
Fig. 6. Air temperature at the nose aperture (Experiment and calculation: Left: all conditions and subjects: Right: for a condition of subject B). 
 
 
 
Fig. 7. Comparison between the calculated moisture flux in the airway and the sensation of dryness (Left: nose, y=50 mm in the calculation: 
Right: throaty=120 mm in the calculation: In both figures, the sensations were obtained in the experiments for respiration through the nose). 
 
3.4. Comparison between the moisture flux in the airway and the sensation of dryness 
 
Looking at the overall data, the calculation in case 3 showed the best agreement with the experiment. Here, the 
correlation between the sensation of dryness declared by the subjects in the experiment and the moisture flux at the 
airway surface calculated in case 3 was studied. In Figure 7, the comparisons between the nose cavity and throat are 
shown. As shown in both the figures, a certain level of correlation between the sensation of dryness and the moisture 
evaporation rate on the segment of the airway was found, and thus the possibility of predicting the sensation of dryness 
by a numerical model on heat and moisture transfer in the airway was suggested. 
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4. Discussion 
 
Through subject experiments, it was shown that the intensity of the sensation of dryness was stronger in the lower 
vapor pressure and higher temperature cases. This result coincided with the mechanism of evaporation from moist 
materials. The lower vapor pressure of ambient air increased the vapor pressure difference and enhanced the 
evaporation rate. The higher temperature increased the moist surface temperature by causing the saturated vapor 
pressure of the surface to increase, which also enhanced the evaporation. This mechanism was reflected in the 
numerical model of heat and moisture transfer in the airway. Among the calculated temperature and humidity 
distributions in the airway, the temperature at the nose aperture was compared with the measured values. The 
calculated temperature agreed fairly well with the experimental values by considering the high efficiency in heat and 
moisture exchange between the air and the surface of the nose cavity. In this paper, the convective heat transfer 
coefficient was given by a function of the air velocity for a pipe. Phuong et al. [8] determined the coefficient using 
the solution of computational fluid dynamics for the real shape of an airway with the aid of CT scanning. Their study 
was for a constant respiration rate, and a periodic change in the air velocity was not considered. Currently, there is no 
data to represent cyclic changes in the convective heat transfer coefficient (and the moisture transfer coefficient) of 
the airway surface. However, the future studies will provide more proper values and will improve the current model 
from the viewpoint of hygrothermal transfer at the airway surface. 
The pathway of respiration will be spontaneous through the nose or mouth in a natural condition, and in the 
experiment, it was limited to one of them by closing either one of the apertures. When the pathway was limited to the 
mouth, the sensation of dryness at the throat increased compared with the nose respiration case, which suggested that 
the heat and moisture exchanges at the nose cavity suppressed the evaporation at the throat and that the sensation of 
dryness at the throat was successfully controlled during respiration through the nose. 
The moisture flux at the nose and throat calculated by the proposed model with the conditions of the subject 
experiment inputted correlated with the sensation of dryness declared in the experiment. The result suggested the 
possibility of predicting the sensation based on the thermal environmental parameters such as temperature or humidity. 
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